Thin and homogeneous graphenes with excellent thickness uniformity were produced on the carbon-rich surface of a SiC crystal using an ultra high vacuum technique. The sample surface was capped by another SiC substrate with a silicon-rich face to form a shallow cavity between them. During the graphene growth by high temperature annealing, silicon atoms sublimated from the capped sample were trapped inside the cavity between the two substrates. The confined vapor phase silicon maintains a relatively high partial pressure at the sample surface which significantly reduces the extremely high growth rate of epitaxial graphene to an easily controllable range. The structure and morphology of the graphene samples grown with this capping method are characterized by low energy electron diffraction and Raman spectroscopy and the results are compared with those of layers grown on an uncapped sample surface. The results show that capping yields much thinner graphene with excellent uniformity.
Introduction
Recent studies have stimulated a great interest in the controllable production of graphene due to its extraordinary two dimensional electronic properties [1] [2] [3] [4] [5] . In particular, epitaxial growth on SiC substrate has been proposed to be one of the most suitable methods for obtaining coherent, large-scale and single crystal graphene templates compatible with the existing Si based electronic device fabrication technology [2] . Nevertheless, large area of single and/or multilayer graphene structures received in a controllable way is a big challenge and the growth still requires further research. Epitaxial graphene forms in a self-assembled manner at temperatures above 1200°C both on silicon-rich Si-face (0 0 0 1) and carbon-rich C-face (0 0 0 À1) surfaces of a SiC crystal simply by vacuum sublimation process. Unlike on the Si-face, graphene layers grown on the C-face surface of SiC are rotated with respect to the underlying substrate and the adjacent graphene layers are electronically decoupled from each other due to their rotational stacking disorientation [6] . Because of this unique stacking structure, each layer forming the stack behaves like individual free-standing graphene which is very tempting for fundamental and technological research. The carrier mobility of up to 10 5 cm 2 V À1 s À1 has been measured in graphene layers on the C-face surface of SiC which is much higher than the mobility of a single layer graphene grown on the Si-face surface of SiC [7, 8] . Despite its advantages, there are great challenges for the growth of high quality graphene with full coverage on the C-face surface of SiC. For example, extremely high sublimation rate of Si during the vacuum annealing process leads to the formation of high concentration crystalline defects in the graphene matrix and most importantly make it very difficult to control the number of layers with desired precision on that particular polar surface [9] [10] [11] . It has been shown that the confinement of Si vapor in the vicinity of SiC surface 0008-6223/$ -see front matter Ó 2012 Elsevier Ltd. All rights reserved. doi:10.1016/j.carbon.2012.02.088 generates uniform epitaxial graphene with better thickness control. There are a variety of different approaches to maintain the Si vapor density near the SiC surface, for example, annealing the sample in a graphite enclosure placed inside a high vacuum furnace [12] , in a vapor phase disilane (Si 2 H 6 ) environment [13] , or in argon atmosphere [14, 15] . Several microns wide and single layer graphene ribbons have been produced in a radio frequency heated vacuum furnace ($10 À6 torr) by covering the SiC substrate with a piece of graphite [16] . It has recently been shown that thin graphene templates with relatively larger domain sizes can be synthesized on the Si-face surface of SiC when it is brought 25 lm close to another SiC wafer surface [17] . For all of those mentioned methods, the growth experiments were performed either in high vacuum or in atmospheric pressure environments. An alternative technique is employed to study in detail the role of capping process for the formation of epitaxial graphene on the C-face of SiC. We show that the capping of C-face SiC with another SiC significantly decreases the high growth rate of epitaxial graphene on its surface even under ultra high vacuum (UHV) conditions. Thin and uniform graphene layers are produced by locally confining the sublimated Si atoms in a half open cavity at the interface between a stack of two SiC substrates. At high growth temperatures ($1500°C), small volume cavity in between the two faces of the stack prevents sublimated Si atoms to escape freely into vacuum environment and maintains a relatively high Si partial pressure near the sample surface. The local enhancement of Si vapor density in between the close proximity of the two surfaces forces most of the constituent Si atoms to condense on the SiC surface and hence leads to an extremely low growth rate of graphene compared to bare UHV sublimation process.
Experimental methods
For the experiments, we used 250 lm thick, on-axis and n-type (the doping concentration of approximately 10 18 cm À3 ) 4H-SiC wafers with atomically flat surfaces that were prepared by NovaSiC. The wafers were diced into 3 mm wide and 10 mm long rectangular substrates and cleaned chemically. The native oxide layer on the samples was removed in diluted HF solution prior to loading into the UHV chamber which has a base pressure of P < 1 · 10 À10 mbar. The samples were annealed in UHV by direct current heating during which the temperature is measured and controlled with 1°C resolution. In all our experiments each sample was degassed overnight at around 600°C and the remaining surface oxide was removed thermally by annealing the sample for about 8 min at 1200°C before the growth stage.
As the capping substrate we used a SiC crystal with the same dimensions, however with d = 300 nm deep, 3 · 3 mm 2 cavity etched on its Si-face surface. Prior to covering the C-face surface of SiC substrate (denoted as primary sample), the capping substrate was annealed individually in UHV for about 15 min at 1430°C. This necessary annealing step removes any trace of surface oxide and possible contamination as well as creates a clean and passivated surface layer on the capping substrate. When placed on the primary sample, the cavity on the capping substrate provides a well defined separation between its surface and the primary sample surface as illustrated in Fig. 1 . This half open structure with very small aspect ratio (10 À4 ) retains the evaporated Si atoms inside the cavity for elongated times in the UHV environment. The use of same material as the cap has the advantage of full compatibility in the growth process.
In order to evidently demonstrate the effect of the capping on the graphene growth process, the cap was slightly shifted relative to the primary sample so that small portion of the primary sample surface remained uncapped and exposed to the UHV [see Fig. 1 ]. The uniformity of the gap between the two semi-transparent SiC substrates was verified by optical microscopy and optical interference patterns.
Following thermal cleaning cycle, the sample-cap stack was annealed at 1500°C for 20 min. in UHV for the graphene growth. Maximum chamber pressure was measured to be 2 · 10 À8 mbar during the growth stage. After splitting the stack, the graphene grown on the primary sample surface was characterized by atomic force microscopy (AFM), scanning electron microscopy (SEM), low-energy electron diffractometry (LEED) and Raman spectroscopy techniques. Measurements were done both on the capped and the uncapped parts of the surface for comparison.
Results and discussion
In a homogeneously sealed and non-reactive medium, Si vapor is confined and the sublimation rate (n s ) of Si atoms becomes in equilibrium with its condensation rate (n c ) on SiC crystal surface. Since n s % n c on the surface, graphene does not form at any temperature. If some of the Si atoms are released out of the confinement via a leak, n s becomes larger than n c and the growth of graphene is established due to the excess C atoms left on the substrate surface. Therefore, the growth rate of graphene (n g ) becomes proportional to the release rate which can be controlled by the size of the leak. In the case of conventional UHV sublimation process as partly seen in Fig. 1(b) , the leak area and the growth rate are maximum since n c % 0. On the other hand, the capping of SiC substrate retards the diffusion of Si atoms into the vacuum and hence promotes their condensation on the sample surface (n c > 0). The condensation of Si atoms subsequently lowers down the formation rate of epitaxial graphene on the SiC surface. The growth rate can be controlled precisely by changing the dimensions of the leak area and/or the annealing temperature.
For the configuration described above, the growth rate is proportional to n g /m a q(A/S) where q is the Si vapor density on SiC, m a is the average thermal speed of Si atoms and A and S are the leak area and sample surface area, respectively. For the cavity shown in Fig. 1 evaporated Si atoms leak into vacuum through the rectangular orifices on both sides, hence the leak area is given by A = 2 dL where d = 0.3 lm is the width and L = 3 mm is the length of the cavity. For the bare UHV annealing, where the ratio A/S is inherently unity, the growth rate is known to be too high for an effective thickness control. With the capping process, the ratio A/S is easily controlled and can be made very small. We estimate that n g in the capping configuration is reduced by a factor of about 5 · 10 3 compared to the bare UHV sublimation method. It should be noted that n g corresponds to the initial stage of the growth and depends on the graphene thickness. As the graphene growth progresses, Si sublimation is suppressed and thus the growth rate decreases. Fig. 2(a) shows a SEM image of the primary sample surface taken after the annealing treatment. The measurement is acquired around the interface between the capped side and UHV exposed side with an electron beam energy of 2.5 keV where the emitted beam from the surface was collected by secondary electron detector. The sharp contrast seen between the two sides implies that the conductivity of both surfaces greatly differs from each other. Unlike the capped side, UHV exposed side is observed to be topographically very rough. The surface crystal structure of the sample is determined by LEED measurements under UHV conditions and the results are shown in Fig. 2(b) and (c) . The LEED patterns of both sides are composed of (1 · 1) diffraction spots induced by graphene and/or graphite structures present on the surface. The LEED image of uncapped surface [see Fig. 2(c) ] displays bright spots rotated by 30°with respect to the well known (1 · 1) LEED pattern of bare SiC substrate, and diffused arcs in between them. The spots observed on this surface correspond to the typical diffraction pattern of a stack of multilayer graphene and the arcs arise due to the rotational disorientation of these graphene layers in the stack [18] . The capped side of the sample exhibits also a six fold diffraction pattern but with strongly attenuated diffused arcs [see Fig. 2(b) ]. Weak intensity LEED pattern of the sample indicates that an extremely thin graphene layer was formed on the corresponding surface [12] . The observed pattern is resolved only at the incident electron beam energy of 67 eV but entirely disappeared at higher orders, which also verifies the formation of single or a few layer graphene.
SEM, LEED and AFM analysis
The morphology of the capped sample surface is analyzed by AFM measurements and the results are compared with the ones obtained from as-received SiC surface. As shown in Fig. 3(a) , as-received sample surface is dominated by 0.5-0.6 lm wide, well ordered and atomically flat terraces due to $0.1°miscut of the wafer. These terraces are created during the preparation of the epi-ready SiC surface. After the annealing process, we found 2-5 lm wide stepped terraces separated by oblique step edges, whose heights range depending on the width of the terrace [see Fig. 3(b) ]. Such modification of the surface is not related to the formation of graphene, but due to the annealing of SiC crystal that is described elsewhere [12] . The surface morphology that develops at the uncapped surface of the primary sample is shown in the AFM image presented in Fig. 3(c) . It is evident that the surface of the graphitic structure formed on this side of the sample is rough and exhibits domain like features with distinct ridges similar to those presented in Ref. [19] . The presence of flaky structures observed by AFM and SEM suggest thicker graphene growth on the uncapped surface.
Raman spectroscopy analysis
Further analyses of the sample were done by Raman spectroscopy measurements performed by using a green laser with 532 nm excitation wavelength. A number of single point Fig. 4(b) , the trace from the capped surface shown in Fig. 4(a) reveals strongly attenuated G and 2D bands however with high intensity SiC related peaks. We found that, the position and intensity of G and 2D band peaks do not change from one measurement to another acquired at different spots on the capped surface. On the other hand, for UHV exposed surface, those parameters deviate drastically depending on the measured spot that correlates well with the strong variations in its SEM intensity. These comparisons already show that the graphene layer on the capped side is thinner and covering the respective surface more homogeneous than the layers formed on the UHV exposed side. It is known that D band originates from the breakdown of the wave-vector selection rule and reveals the presence of crystalline defects in the graphene matrix [20, 21] . We observe small D band peaks to be present in both spectra [ Fig. 4(c) ]. As shown in Fig. 4(d) the 2D bands of all spectra do not contain extra features, which mean they can be best fitted with a single Lorentzian function. The smooth shape of the 2D curves implies that the stacking of graphene on either side of the sample is not Bernal but, rather, turbostratic [22, 23] . This result is supported by our LEED measurements and consistent with the results given in literature [18] . The G band peak positions of both sides are determined to be almost the same (1584 cm À1 for the capped side and 1585 cm À1 for the UHV exposed side) within ±2 cm À1 spectral resolution. It is well documented that the G peak position of Si-face grown graphene is shifted towards higher Raman frequencies due to the residual compressive strain between the substrate and epitaxial layers [24] [25] [26] . Compared to the large strain induced blue shift in the peaks of Si-face graphene, the shift of the bands has been found to be extremely small in C-face grown mono and multilayers due to the strongly reduced strain [12] . In analogy, nearly unchanged position of the G band peak of our graphene samples manifests that all the grown layers are under the influence of such a small amount of strain whose effect has not been well resolved in our Raman measurements. In contrast to fixed G band positions, D and 2D band peak positions of both spectra greatly differs from each other. We found that the D and 2D band peaks in our measurements shift depending on the graphene thickness. Relative to the D and 2D band peak positions of the thick layers on UHV exposed surface, those bands are found to be shifted toward higher frequencies (e.g., dD % 46 cm À1 and d(2D) % 
cm

À1
) for the graphene layer on the capped side of the sample. According to double resonant Raman scattering model [27] , the peak positions of D and 2D bands in the Raman spectrum have strong dependence on the electronic structure of the sample as well as the laser excitation energy. Since all the Raman data in our measurements were acquired with the same laser wavelength (532 nm) the contribution from the laser excitation can thus be excluded. It has been shown that rotational stacking disorientation of epitaxial graphene on the C-face surface of SiC leads to a weak bonding of the first layer with the underlying substrate as well as to a strain relaxation along the graphene layers in the stack [28] . Since there is a great strain relief in the graphene layers and the growth parameters including the cooling rate are the same for both sides of our substrate, the thickness dependent shift in D and 2D peak positions cannot be interpreted simply as a strain phenomenon. The obtained results indicate that the observed shifts are due to the charge-transfer doping [29] from our doped substrate into overlaying graphene layers which maintains a strong mutual electronic coupling. The coupling gets stronger as the number of graphene layers becomes smaller and hence D and 2D band peak positions diverge from bulk Raman frequencies to higher frequencies similar to those seen in Fig. 4(c) and (d) .
The structural and thickness uniformity of the layers grown on both sides of the sample are determined by largearea Raman mapping of the 2D band intensities measured within the spectral range between 2500 cm À1 and 2900 cm À1 . The maps are recorded for a laser excitation wavelength of 532 nm by raster scanning mode with a precision two-dimensional stage having 1 lm step size. The 2D peak intensity distribution is used to infer the thickness homogeneity of the graphene layers where relatively high intensities correspond to thicker graphene layers. Possible variations in the 2D peak intensity of the mapped surface can be associated with the graphene thickness non-uniformity.
Two individual Raman maps are plotted in Fig. 5 . The 2D peak intensity map of the capped surface is compared to that of UHV exposed surface within one measurement frame recorded around both sides interface as seen in Fig. 5(a) . Consistent with SEM and single point Raman measurements, large and inhomogeneous variations are found in the 2D peak intensity of UHV exposed surface. The observed position dependent change of the 2D peak intensity shows that the graphene layers were grown with non-uniform thicknesses on that surface. High intensity protrusions correspond to thicker graphene layers. Conversely, the layers on the capped side have excellent thickness uniformity all over the mapped area. Relatively large difference between the average peak intensities of the two distinct surfaces indicates that the number of graphene layers is significantly smaller on the capped side than the layers on UHV exposed side. In order to confirm the homogeneity of graphene layer, we performed additional large-area Raman mapping measurements on different regions of the capped surface. As shown in Fig. 5(b) , we rarely observed a small number of graphene based island like structures that were fully surrounded by continuous graphene layers covering the rest of the surface. Less than 2% of the entire surface was found to be covered by those observed individual graphene islands. The formed islands are slightly thicker than surrounding graphene layers and their size range between 1 lm and 10 lm. As previously shown, such structures are created during the early stages of the graphene formation under high pressure Ar mediated environment and are intrinsic to the epitaxial graphene on C-face surface of SiC [15] . The 2D peak intensity variation in the whole mapped surface shown in Fig. 5(b) , excluding the island structure, is calculated to be 12%.
Conclusions
In this work we showed that vacuum driven high growth rate of epitaxial graphene on the C-face surface of SiC can be strongly reduced by a factor of about 10 3 when it is capped with another SiC substrate. Si atoms thermally decomposed from the sample surface are trapped inside a small volume shallow cavity which was created on the capping substrate.
Experimentally obtained results confirm that this local confinement of the Si vapor at high temperatures triggers the condensation of sublimated Si atoms on the C-face SiC surface and leads to the formation of monolayer or a few layer epitaxial graphene. As determined by LEED and Raman spectroscopy measurements, the grown samples show high quality and uniformity with larger length scales than the inhomogeneous graphitic layers grown by conventional UHV annealing method. Together with coherent graphene layers, a low number of small sized graphene islands are observed on the over all surface of the capped samples. It should be noted that, unlike other confinement control growth methods described in the introduction section, the whole process in our growth experiments is carried out under UHV conditions which ultimately provide a clean environment during the formation of epitaxial graphene.
